To prepare metrologically traceable amino acid mixed standard solutions, it is necessary to determine the stability of each amino acid present in the mixed solutions. In the present study, we prepared amino acid mixed solutions using certified reference standards of 17 proteinogenic amino acids, and examined the stability of each of these amino acids in 0.1 N HCl. We found that the concentration of glutamic acid decreased significantly during storage. LC/MS analysis indicated that the instability of glutamic acid was due to the partial degradation of glutamic acid to pyroglutamic acid in 0.1 N HCl. Using accelerated degradation tests, we investigated several solvent compositions to improve the stability of glutamic acid in amino acid mixed solution, and determined that the change of the pH by diluting the mixed solution improved the stability of glutamic acid.
Introduction
To ensure the reliability of amino acid analyses, the National Metrology Institute of Japan at the National Institute of Advanced Industrial Science and Technology (NMIJ/AIST) has developed high-purity certified reference materials (CRMs) for 17 proteinogenic amino acids 1 relevant to clinical chemistry, 2,3 food chemistry, [4] [5] [6] pharmaceutical biotechnology, 7 and the accurate quantification of protein/peptides [8] [9] [10] by amino acid analysis. These CRMs will be the primary standards used in the metrological traceability system, and exhibit purities of greater than 0.997 kg kg -1 , with uncertainties of less than 0.003 kg kg -1 . 1 Thus, these materials are of sufficient quality to be used as primary standards for the calibration of analytical instruments or reagents, and will improve the reliability of amino acid analyses. Additionally, powdered amino acid CRMs exhibit high stability and enable users to produce solutions containing any mixture and concentration of these proteinogenic amino acids.
However, the preparation of standard solutions using amino acid CRMs is undesirable for end-users. Preparing accurate standard solutions by hand requires significant time, effort, and technical knowledge. For example, it is necessary to handle hygroscopic amino acids under controlled humidity conditions. In addition, care must be taken to prevent any crosscontamination of amino acids when weighing several types of amino acids using the same equipment. Therefore, the supply of accurately pre-prepared amino acid standard solutions is expected by end-users.
Amino acid mixed solution CRMs were previously developed by the National Institute of Standards and Technology (NIST) and a reagent company, Sigma-Aldrich. In both cases, 17 proteinogenic amino acids (2.5 mM) were dissolved in 0.1 N hydrochloric acid (HCl). The certified concentrations and estimated uncertainties of NIST standard reference material (SRM) 2389a (amino acids in 0.1 N HCl) are based on the results obtained from two orthogonal measurement techniques: isotope-dilution liquid chromatography-tandem mass spectrometry (LC/MS) and gravimetric preparation.
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The certified concentrations and expanded uncertainties for Sigma Traceable Certified Reference Material (TraCERT) of a mixed solution of 17 amino acids are based on the results obtained from gravimetrical preparation and quantitative NMR results for each amino acid. 12 Unfortunately, methods for assessing the stability of the amino acids in mixed solutions are not welldocumented, although stability tests are vital in the development of organic calibration solutions as CRMs. [13] [14] [15] Furthermore, optimization of the solvent composition or solute concentration of amino acid mixed solutions for amino acid stability has not previously been reported.
In the present study, we examined the stability of each amino acid present in standard amino acid mixed solutions, in a timedependent, temperature-dependent, and solvent-dependent manner. Based on the results of these analyses, we optimized the solvent and amino acid concentrations. Seventeen proteinogenic amino acids were selected as a set of amino acids with representative structures and properties. Hence, the results of this study will be applicable to other amino acids.
Experimental

Reagents
Hydrochloric acid (amino acid auto analyzer grade) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Ultrapure water was prepared using a Milli-Q water purification system (resistivity 18 MΩ cm -1 ; Nihon Millipore Kogyo, Tokyo, Japan), and was used in all of the experiments.
Standard solutions were prepared from NMIJ CRMs of 17 proteinogenic amino acids: L-alanine (Ala, CRM 6011-a, 99.9 ± 0.2%), L-leucine (Leu, CRM 6012-a, 99.9 ± 0.2%), L-isoleucine (Ile, CRM 6013-a, 99.7 ± 0.2%), L-phenylalanine (Phe, CRM 6014-a, 99.9 ± 0.2%), L-valine (Val, CRM 6015-a, 99.8 ± 0.2%), L-proline (Pro, CRM 6016-a, 99.9 ± 0.2%), L-arginine (Arg, CRM 6017-a, 99.8 ± 0.2%), L-lysine monohydrochloride (Lys-HCl, CRM 6018-a, 99.8 ± 0.2%), L-tyrosine (Tyr, CRM 6019-a, 99.9 ± 0.2%), L-threonine (Thr, CRM 6020-a, 99.9 ± 0.2%), L-serine (Ser, CRM 6021-a, 99.8 ± 0.2%), glycine (Gly, CRM 6022-a, 99.8 ± 0.2%), L-methionine (Met, CRM 6023-a, 99.9 ± 0.2%), L-histidine (His, CRM 6024-a, 99.9 ± 0.2%), L-cystine (Cys-Cys, CRM 6025-a, 99.8 ± 0.3%), L-glutamic acid (Glu, CRM 6026-a, 99.8 ± 0.2%), and L-aspartic acid (Asp, CRM 6027-a, 99.8 ± 0.2%).
Certified reference materials of 17 amino acid mixtures were obtained from NIST (SRM 2389a) and Sigma-Aldrich Japan (Amino Acid Mix Solution; 79248).
Preparation of amino acid mixtures using auto-dosing solution system
To prepare the 17 amino acid mixed standard solution, individual amino acids were weighed (5 -30 mg) using a QD56 micro-analytical balance equipped with an auto-dosing solution system (Quantos QB7; Mettler-Toledo Japan, Tokyo). Solutions were prepared in a glove box (CT-WS3001; Stable, Saitama, Japan) maintained at 30% humidity using nitrogen gas. Weighed amino acids were mixed with concentrated or 0.1 N HCl until they were completely dissolved, and then filled to 50 mL with 0.1 N HCl in a Class A measuring flask (AS ONE, Osaka, Japan).
Analysis with an amino acid analyzer
Samples (10 μL) of the post-column ninhydrin derivatives of the amino acids were analyzed using an L-8900 Amino Acid Analyzer (Hitachi High-Technologies Corp., Ibaraki, Japan) with UV detection (440 and 570 nm). A twin column for highresolution physiological fluid analysis (4.6 mm i.d. × 40 mm) was purchased from Hitachi High-Technologies (Ibaraki, Japan). Solvents, reagents, and MCI buffer L-8500-PF kit were purchased from Mitsubishi Chemical (Tokyo, Japan). Ninhydrin Coloring Solution Kit for Hitachi was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The analytical conditions were in accordance with the manufacturer's recommendations.
Analysis of pyroglutamic acid by LC/MS
An Agilent 1290 HPLC system coupled with a mass spectrometer (Agilent 6538 Q-TOF) (Agilent Technologies Japan, Tokyo, Japan) was used for data acquisition and analysis. Mobile phase A consisted of acetonitrile/100 mM ammonium formate (20/80), and mobile phase B consisted of acetonitrile/ THF/ 20 mM ammonium formate/formic acid (9/75/16/0.3). Samples were injected onto an Intrada Amino Acid column (3 mm i.d. × 100 mm; Imtackt Corp, Kyoto, Japan), using an injection volume of 5 μL and eluted at a flow rate of 0.6 mL min -1 at 35 C. The gradient conditions were as follows: 100% B for 5 min, linear gradient of 100 -83% B for 8 min, followed by reequilibration for 5 min at 0% B. Mass spectrometry was performed using ESI in positive mode. Measurements were conducted in scan mode (m/z = 50 -3000). After analysis, the extracted ion chromatogram of pyroglutamic acid (PyroGlu) was acquired at m/z = 130.0499.
Accelerated degradation tests of amino acid mixed solutions
Amino acid mixed solutions were stored for four months at -20, 5, 25, and 40 C. The concentration of Glu was analyzed using the Amino Acid Analyzer, and the concentration of PyroGlu was determined using LC/MS.
Preparation of dilute amino acid mixed solutions
Some dilute solutions based on the original standard solution, 2.5 mM AAs in 0.1 N HCl, were prepared with distilled water or diluted HCl, by using 50 mL of a measuring flask (AS ONE, Osaka, Japan). 
Results and Discussion
Development of a contamination-free system for preparing amino acid mixed solutions
There are two major concerns when preparing amino acid mixed standard solutions. Firstly, amino acids can be easily contaminated by amino acids from the skin and hair of human operators. In addition, cross-contamination can occur when using the same equipment for handling different amino acids. Secondly, several amino acids, such as Arg, Lys, and Pro, are hygroscopic, 16 which makes gravimetric preparation difficult. In our previous study, it was possible to handle almost all amino acids stably by maintaining relative humidity at less than 30% at 25 C. 17, 18 Therefore, to prevent contamination and moisture adsorption, we weighed the amino acids using an analytical balance equipped with a commercially-available auto-dosing solution system 19 in a glove box, and maintained the relative humidity at less than 30% at 25 C. The auto-dosing solution system is capable of automatically and continually weighing amino acids, which will reduce the preparation time dramatically. Moreover, the use of a dedicated cartridge of the auto-dosing system will decrease the risk of contamination. The 17 amino acid mixed solution was prepared in 1 h using the auto-dosing solution system, compared to more than half day for conventional preparation by an experienced operator (data not shown).
The concentration of each of the 17 proteinogenic amino acids in the mixed solution prepared by the auto-dosing solution system was quantified based on two consecutive analyses (n = 2) of three sample solutions using the Amino Acid Analyzer. The corresponding uncertainties were calculated according to the International Organization for Standardization (ISO) Guide to the Expression of Uncertainty in Measurement 20 and the EURACHEM guide Quantifying Uncertainty in Analytical Measurement. 21 The uncertainty associated with the auto-dosing solution system was less than 0.3% (data not shown).
Comparative study using commercially available amino acid mixed solutions CRMs
To compare the amino acid mixed solution prepared using the auto-dosing solution system to commercially available standards, amino acid mixed solution CRMs obtained from NIST (CRM 1) and Sigma-Aldrich (CRM 2) were quantitatively analyzed. Both of the mixed solution CRMs underwent two consecutive analyses (n = 2) of three sub-sample solutions. Table 1 shows the analytical results and the certified values for each amino acid in the mixed solution CRMs. The analytical results and the certified values were in good agreement for 16 of the 17 amino acids in the mixed solution CRMs. Therefore, the solution preparation using the auto-dosing solution system was successful. However, the concentrations of Glu in the mixed solution CRM 1 and CRM 2 were -0.18 mM (-7.2%) and -0.4 mM (-1.6%) lower, respectively, than their certified values. To make sure the purity of the raw material, the impurities in the high-purity Glu CRM samples obtained from NMIJ and Sigma were confirmed by NMR; no impurities were detected in the spectra (data not shown). Hence, the reduced concentrations of Glu in the mixed solution CRMs did not result from the purity of the raw materials used to prepare them.
Instability of glutamic acid in amino acid mixed solutions
It has been reported that there is a reversible transformation system between Glu and pyroglutamic acid (PyroGlu) in a dilute aqueous solution. 22, 23 Thus, we attempted to detect PyroGlu in the mixed solution CRMs using LC/MS. As expected, PyroGlu was detected in the mixed solution CRM 1 ( Fig. 1(a) ) and CRM 2 ( Fig. 1(b) ). It was not detected in the amino acid mixed solution freshly prepared using the autodosing solution system (Fig. 1(c) ). Moreover, the concentration of PyroGlu was quantified calibrated with a PyroGlu solution, and it was 0.19 mM in the mixed solution CRM 1 and 0.042 mM in the mixed solution CRM 2, showing inverse correlation with the reduced concentration of Glu as indicated in Table 1 . Therefore, the reduced concentrations of Glu in both of the mixed solution CRMs were attributed to the partial degradation of Glu to PyroGlu in these solutions.
We performed accelerated degradation tests using mixed solutions of 2.5 mM AAs in 0.1 N HCl prepared using the autodosing solution system. LC/MS analyses showed that the peak area of PyroGlu gradually increased with increasing storage temperature from -20 to 40 C (Fig. 2) . Figure 3(a) shows the degradation kinetics of Glu in the amino acids mixed solution at 6 and 10 C, predicted by the Arrhenius equation according to the result of an accelerated test. PyroGlu and Glu in the test samples were analyzed using LC/MS and the Amino Acid Analyzer, respectively. The sets of kinetic equations based on the analytical results of PyroGlu and Glu were in good agreement with each other (data not shown). Based on the results shown in Table 1 , the storage periods and residual rates of Glu in the mixed solution CRM 1 and CRM 2 were also plotted ( Fig. 3(a) ). Each of these plots correlated with the fitted curve corresponding to storage at 10 C, suggesting that the predicted degradation kinetics are realistic. Based on these degradation kinetics, the concentration of Glu in a mixed solution of 2.5 mM AAs in 0.1 N HCl will decrease by 2% per year at 10 C (the maximum refrigeration temperature). In other words, in the case of the mixed solution CRM 1, it was suggested that the actual concentration of Glu at 10 C will decrease out of the range of uncertainty (3.2%) before two years have passed.
Optimization of solvent composition for glutamic acid stability
We investigated the effects of the solvent composition on the stability of Glu in amino acid mixed solutions. A previous report indicated that the pH of a Glu solution affected the equilibrium between Glu and PyroGlu. 22 In concentrated HCl, almost all of the PyroGlu was converted to Glu. However, in the present study we chose not to use concentrated HCl as the solvent, because concentrated HCl is listed in the Poisonous and Deleterious Substances Control Act and its handling is dangerous. Therefore, we prepared dilute solutions using distilled water or dilute HCl with pH values of 1.8, 2.2, and 2.4. The pKa of Glu-gamma-carboxy group is 2.10, hence, we expected that mixed solutions with pH values around the pKa of Glu-gamma-carboxy group would significantly affect the equilibrium between Glu and PyroGlu.
We performed the accelerated degradation tests using the dilute solutions, as described above. The accelerated test samples were analyzed using the Amino Acid Analyzer. As shown in Fig. 3(b) , the degradation kinetics of Glu in the solution containing 0.25 mM AAs in 0.02 N HCl (pH 1.8) were almost the same as in the original solution (2.5 mM AAs in 0.1 N HCl; pH 1.3). In contrast, the survival rate of Glu in the solution of 0.25 mM AAs in 0.01 N HCl (pH 2.2) was approximately 2.5-times greater than in the original solution over the same storage period (Fig. 3(c) ). These results indicated that the stability of Glu in amino acid mixed solutions can be significantly improved by preparing them with a pH value greater than that of the pKa of Glu. At pH values greater than the pKa of Glu side-chain, the carboxy group takes carboxylate anion form that would inhibit intermolecular cyclization. Additionally, we analyzed the stability of Glu in a solution of 0.125 mM AAs in 0.005 N HCl (pH 2.4). As expected, the degradation kinetics of Glu was almost the same as those in the solution of 0.25 mM AAs in 0.01 N HCl (pH 2.2) (Fig. 3(d) ).
Overall, these results indicated that optimizing the pH of the solution improves the stability of Glu in amino acid mixed solutions. There are other amino acids that have side-chain carboxy groups, such as aminoadipic acid (Aad). We confirmed that Aad formed a ring-structure in solution in a pH-dependent manner (data not shown). Hence, this approach will also be applicable to stabilization of these amino acids in solution. Moreover, the stability of proteinogenic amino acids other than Glu was not affected by the dilutions and pH optimizations conducted in the present study (data not shown). Therefore, pH optimization and dilution are effective for the preparation of stable standard solutions of amino acid mixtures.
Conclusions
In this study, we assessed the stabilities of 17 proteinogenic amino acids in solution. We found that in solutions of 2.5 mM AAs in 0.1 N HCl (the de-facto standard composition of AA mixed solutions), the concentration of Glu significantly decreased during storage, even under refrigerated conditions. LC/MS analyses showed that the instability of Glu was due to the partial degradation of Glu to PyroGlu. Based on the results of accelerated degradation tests, we developed a novel solvent composition to improve the stability of Glu in AA mixed solution, and found that pH optimization improved the stability of Glu. The results of the present study will be of use to manufacturers of amino acid products and end-users in the preparation of stable amino acid standard solutions.
